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Bibby).Here we report the high-resolution detail of the organization of phycobiliprotein structures associ-
ated with photosynthetic membranes of the chlorophyll d-containing cyanobacterium Acaryochloris
marina. Cryo-electron transmission-microscopy on native cell sections show extensive patches of
near-crystalline phycobiliprotein rods that are associated with the stromal side of photosynthetic
membranes. This supramolecular photosynthetic structure represents a novel mechanism of orga-
nizing the photosynthetic light-harvesting machinery. In addition, the speciﬁc location of phycobili-
protein patches suggests a physical separation of photosystem I and photosystem II reaction centres.
Based on this ﬁnding and the known photosystem’s structure in Acaryochloris, we discuss possible
membrane arrangements of photosynthetic membrane complexes in this species.
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Oxygenic photosynthetic species use a diverse array of light-
harvesting pigment-protein complexes that capture light energy
and facilitate the reactions of photosynthesis. Acaryochloris marina
is a chlorophyll (Chl) d-containing cyanobacterium [1] that em-
ploys two discrete antenna systems, integral membrane-bound
accessory chlorophyll-binding-proteins (CBPs) [2–5] and external
water-soluble phycobiliproteins (PBPs) [6,7]. The PBPs are substan-
tially smaller versions of the typical hemi-discoidal phycobilisome
(PBS) complexes common in many cyanobacteria and consist of
rods comprising four hexameric units, similar to the peripheral
rods of a typical cyanobacterial PBS [6–8]. The rod units contain
either phycocyanin (PC) only or a hetero-hexamer containing PC
and allophycycanin (APC) [7,9]. PBP rods in Acaryochloris are clo-
sely associated with photosystem (PS) II reaction centres in thechemical Societies. Published by E
g-proteins; Chl, chlorophyll;
isome; PC, phycocyanin; APC,
opy; CEMOVIS, cryo-electron
ranes
and Earth Sciences, National
uropean Way, Southampton
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en), tsb@noc.soton.ac.uk (T.S.membrane, to which efﬁcient excitation energy transfer has been
demonstrated [10–12]. The expression of both CBPs and PBPs in
Acaryochloris has been shown to give the species a dynamic ability
to acclimatize to differing light and nutrient conductions [3,13–15]
and possibly hints at an environmental distribution that is more di-
verse than currently considered [16–18].
To further our knowledge of the supramolecular organization of
photosynthetic proteins in cyanobacteria, we investigated the
structural organization of PBP complexes in Acaryochloris on a cel-
lular scale using cryo-electron microscopy of vitreous sections
(CEMOVIS) [19] that allows observation of cells in their fully hy-
drated vitreous state and preserves cellular complexes in a near-
native state. Based on the speciﬁc organization of PBP complexes,
we present a model of the membrane-level distribution of PSII
complexes.2. Materials and methods
2.1. Culture conditions
Acaryochloris marina MBIC11017 cells were grown in seawater
KES media [1]. Cultures were grown at 27 C with ﬁltered air bub-
bling and continuous shaking at 100 rpm. The culture was illumi-
nated continuously with a white ﬂuorescence tube at light
intensity of 20 lE.lsevier B.V. All rights reserved.
Fig. 1. Electron micrographs of a 70-nm section of Acaryochloris marina. (a) Stained
cells show that the cytoplasm (Cy) is surrounded by several concentrically arranged
thylakoid membranes (TMs). In the centre, a carboxysome (Ca) is visible. Inset,
magniﬁed detail of the TMs; two regions are deﬁned, appressed regions that lack
phycobiliproteins (PBP) and non-appressed regions that contain PBP. Scale bar
represents 200 nm, and 50 nm inset. (b) Ultra-thin cryo-electron (unstained)
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2.2.1. High-pressure freezing
For conventional transmission electron microscopy (TEM) cul-
tured cells were pelleted by gentle centrifugation, resuspended in
culture medium that was supplemented with a mixture of
20% w/v dextran (10 kDa), 0.5% agarose, 7% Ficoll 70 and
150 mM mannitol and immediately cryo-ﬁxated in a BalTec HPM
010 high pressure freezer (BalTec, Liechtenstein) followed by
freeze-substitution and resin embedding as described in [20]. For
CEMOVIS the cell culture medium was supplemented with
20% w/v dextran (40 kDa) before cryo-ﬁxation and 70–100 nm
sections were cut from cryo-ﬁxed samples at 160 C on a Leica
EM UC6/FC6 (Leica, Austria) ultramicrotome. Sections were col-
lected on bare 700-mesh copper grids and transferred onto a Gatan
626 cryo-transfer holder (Gatan, USA) for imaging at 180 C.
2.2.2. For cryo-TEM
A FEI Tecnai F30 G2 (FEI, Netherlands) transmission electron
microscope with a Gatan Imaging Filter (GIF) was used. Micro-
graphs were recorded in zero-loss mode (15 lm slit width) at an
electron dose of 30 e/nm2 s1 using SerialEM 2.8.3 [21] as acquisi-
tion software.
2.3. Image analysis and modelling
All digital electron micrographs were processed using the IMOD
3.13.4 imaging software package (http://bio3d.colorado.edu/imod/
index.html), which allows accurate scaled measurement of struc-
tures in the micrographs [22]. The coordinates for PSII dimers
[23] and phycocyanin hexamer structures [24] from Synechococcus
elongatus (hereafter Synechococcus), designated 1S5L.pdp and
1JBO.pdp, respectively, under the RCSB Protein Data Bank code sys-
tem (http://www.rcsb.org) were used for two-dimensional model-
ling of X-ray data onto the electron micrographs. These were
aligned manually onto features of high protein density using image
analysis software (Coral-Draw 12) while maintaining the scaling of
both the micrograph and X-ray structure. Given the known high
structural homology between CBP proteins and six transmembrane
helices of CP43 (a subunit of PSII) [2], these coordinates assigned in
the 1S5L.pdp structure were used to model CBP in this study.micrographs of Acaryochloris. Showing similar features to (a). Scale bar 200 nm.
(c) Magniﬁcation of non-appressed TM regions showing a native, near-crystalline
array of PBP. (d) Magniﬁcation of non-appressed TM regions showing the ends of
membranes (white star). Scale bar 100 nm.3. Results
Acaryochloris cultures grown under optimal conditions and har-
vested during exponential phase, after dark adaptation of 20 min,
were used as raw material for electron microscopy studies using
both standard and cryo-techniques. Fig. 1a shows a stained ultra-
thin section of Acaryochloris; the cell is 1.0 lm in diameter and
7–15 continuous concentric thylakoid membranes (TMs) can be re-
solved at the periphery of the cell. In addition, TMs surround the
central cytoplasm in which a carboxysome is visible. The inset in
Fig. 1a shows the TMs at higher magniﬁcation and shows that they
can be segregated into appressed regions, in which the membranes
are 2–3 nm apart, and non-appressed regions, in which the mem-
branes are a maximum of 25 nm apart. The non-appressed regions
are ﬁlled with electron-dense material characteristic of patches of
PBP aggregates, as described previously [9]. In this image, which is
typical of many, PBP patches are associated with approximately
50% of the TM.
Cells of Acaryochloris were also imaged using cryo-EM tech-
niques (Fig. 1b–d), which preserve the cells in a near-native state
[20]. Under cyro-EM conditions, electron-dense material, such as
protein, is darker than surrounding cellular material, such as the
soluble phase of the cytoplasm [20]. Concentric TMs can still be re-solved with identiﬁed non-appressed (harbouring PBP patches)
and appressed membrane regions. The distances between these
membranes are similar to those measured on stained cell sections.
Fig. 1c shows the detail resolved using cryo-EM techniques of the
non-appressed membranes, showing a near-crystalline array cor-
responding to the location of PBP patches that was difﬁcult to re-
solve in stained cells. Similar patterns of PBP structural
organization were obtained from many cells prepared using these
techniques. The crystalline PBP pattern in Fig. 1c is either well re-
solved, in which rows of rod like structures are visible (i), or less
well resolved (ii), in which only four parallel lines are clear. Crys-
talline PBP arrays do not ﬁll every stromal gap in a region of
non-appressed membranes but can be separated by up to four
TMs (Fig. 1c and d). In Fig. 1d, the TMs can be seen to ‘double-back’
on themselves in a hairpin-like structure that isolates the lumen
(labelled with a white star). In this image it can clearly be seen that
PBP arrays associate speciﬁcally with the stromal TMs.
The crystalline PBP array structure is shown at a higher magni-
ﬁcation in Fig. 2a. The crystalline array consists of columns 25 nm
Fig. 2. (a) Magniﬁcation of a region of native, near-crystalline PBP structures in non-appressed regions of thylakoid membranes in Acaryochloris. Dark regions indicate
electron-dense material such as proteins. The distance between the membranes is 25 nm. A repeating protein structure is highlighted by the yellow ovals (5  10 nm). The
atomic-resolution structure of a PBP hexamer from the related cyanobacteria Synechococcus [21] has been modelled into these yellow ovals. (b) The idealized arrangement of
four-unit PBP rods based on the Synechococcus PBP structure.
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dense units approximately 5 nm by 10 nm (yellow ovals). Columns
are arranged side-by-side in this PBP array structure. The known
crystal structure of PC hexamers from Synechococcus (dimensions,
5 nm  10 nm) [24] has been modelled and ﬁtted onto the repeat-
ing electron-dense units of the PBP array (Fig. 2b). One PBP rod
consists of a column of four PC hexamers.
In other ultra-thin Acaryochloris cell sections, PBP crystalline ar-
rays can be seen as parallel rows, linking TMs at opposite edges of
the cell (Fig. 3). We assume that this is a TM section viewed from
above when the ultra-thin section cuts the cell parallel to the plane
of the membrane. A magniﬁcation of this region is presented in
Fig. 3 (inset). The gap (white region), between the dark (electron-
dense, 5–7 nm) region is 3–4 nm. We interpret this arrangement
to be sheets of PBP rods viewed from above.
Based upon the structural organization of PBP rods presented
here (Figs. 1 and 3) and the assumptions that (i), PBP in Acarychloris
is speciﬁcally associated with PSII and not PSI [6,9–11] and (ii), that
PBPs and PSII coupling is via a conserved binding site [25], we
modelled a possible membrane-level organization of photosyn-
thetic proteins complexes in non-appressed TMs (Fig. 4). The mod-
el uses the high-resolution structures of PBP hexamers [24] and
PSII dimers [23] from Synechococcus, together with known struc-
tures of isolated PBP rods [7] and CBP-PSII supercomplexes [4]
from Acaryochloris. From Fig. 2, we can derive the distance between
PBP rods, and Figs. 1 and 3 show that these rods are tightly packed
in three-dimensions to form near-crystalline arrays. Fig. 4a models,
in top-view, PBP hexamers (based on the known PBP hexamers
from Synechococcus) that have been ﬁtted symmetrically and with
maximum molecular packing. Beneath this structure, we present a
model that includes PSII dimers (Fig. 4b) (based on the Synechococ-
cus PSII structure). Fig. 4c shows the PSII array with the PBP rods
removed. The gap between the PSII rows is 5 nm and adjacent
PSII dimers are linked between the subunits of Cty b559 [23].
The gap between parallel rows of PSII dimers is approximatelyFig. 3. Cryo-electron micrograph of an ultra-thin section of Acaryochloris marina. A
native, near-crystalline array is visible linking concentric thylakoid membranes
(TMs) at the periphery of the cell; we assume that this is a TM section viewed from
above. The insert shows a magniﬁcation of this region. The spacing between the
dark (electron-dense) and light regions is 5 nm. Scale bar is 200 nm.the size of an accessory Chl-d-bound protein (CBP) [4]. Using
CP43 (1S5L.pdp) as a homologue for CBP in Acaryochloris [4], we ﬁt-
ted the CBP proteins into this model (Fig. 4d). Every PSII monomer
is associated with approximately six CBP proteins, three on each
side. The yellow box in Fig. 4d shows the repeating unit of this
structure, which is similar to isolated CBP-PSII supercomplexes [4].
4. Discussion
The structural microscopy analysis presented here describes a
novel arrangement of PBP complexes in the Chl d-containing cya-
nobacterium Acaryochloris. Based on the observations of cryo-pre-
pared cell sections, the PBP structure shows near-crystalline arrays
that occupy the space between non-appressed regions of TMs, i.e.
the cytoplasmic (stromal) phase (Fig. 1d). Given that the cell prep-
arations for cyro-EM maintain a near-native cell [20] organization,
it is likely that this crystalline arrangement represents the true PBP
organization in vivo.
These PBP structures can occupy up to 50% of the stromal sides
of TMs. As such, they are a signiﬁcant mechanism for efﬁcient en-
ergy transfer from PBP to Chl d [11,12]. The structure presented
here represents a novel organization of PBP rod subunits distinct
from the classic hemi-discoidal arrangement of PBS in many cya-
nobacteria and red algae species [26–29]. Rod-like PBPs have been
described in other species including Synechocystis sp. strain
BO8402, in which the allophycocyanin and the core linker polypep-
tides were absent and are thought to act as an antenna system for
PSI [28], and the cryptophyte Rhodomonas salina, which contains
rod-like PBPs located on the luminal surface of the membrane
[26,30,31]. Whether this PBP organization in Acaryochloris repre-
sents an ancestral organization of PBP or a modern adaptive
arrangement of these light-harvesting structures is still to be
determined [16,29,32].
Considering the non-symmetrical organization of APC and PC
within PBP rods in Acaryochloris [6,9] it is assumed that excitation
energy transfer is unidirectional [11,12]; the implications of this
with respect to the membrane organization of photosynthetic
complexes in non-appressed regions of TM are considered in the
Supplementary Figure.
Observations frommany studies have suggested that PBPs asso-
ciate with PSII at a ratio of 1:1 in both cyanobacteria and red algae
[9,25]. If we suppose a similar ratio of PBP:PSII in Acaryochloris and
consider that the PBP patches in non-appressed regions of mem-
branes are speciﬁcally associated with PSII (and not PSI) [6,9], we
can propose a model for the arrangement of PSII in Acaryochloris
membranes (Fig. 4). The resulting model also assumes that each
PSII:PBP unit has a conserved coupling site [25]. The model in
Fig. 4 is based on the three-dimensional structure of PBP rods in-
ferred from the observed structural arrangement reported in this
paper [7]. Owing to the diameter of PBP rods, PSII dimers can align
in rows but the rows cannot be physically associated due to steric-
Fig. 4. Modelling of photosynthetic proteins based on high-resolution cryo-EM images of native, near-crystalline PBP proteins in Acaryochloris marina. (a) The top-view
(looking down on the membrane) of close packing PBP proteins. (b) The PBP packing structure was used to model the arrangement of PSII dimers in the associated thylakoid
membranes. (c) CBP units ﬁtted between PSII dimer rows. This modelling (d) generates a repeated unit in the membrane similar to the CBP-PSII megacomplex isolated from
Acarychloris and resolved using electron microscopy and single-particle image analysis (the area enclosed by yellow dashed lines).
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this gap is approximately the size of a membrane-bound CBP, but
is much smaller than PSI and PSII; therefore, we propose that the
gap is ﬁlled with CBP proteins (Fig. 4d). This model suggests that
a single PSII is simultaneously physically associated with both an
internal-to-the-membrane (CBP) and an external-to-the-mem-
brane (PBP) light-harvesting antenna system.
Many lines of research have shown that there is a spatial segre-
gation of PSI and PSII complexes in Acaryochloris [3,4,6,9], including
the observation of PSII- and PSI-enriched ‘patches’ from freeze-
fracture studies and the fact that PSI and PSII use distinct antenna
systems [9]. Segregation of PSII and PSI is common in oxygenic
photosynthetic organisms and is thought to prevent the ﬂow of
excitation energy to PSI, which is a deeper ‘trap’ than PSII [9,33].
Current evidence indicates that PBPs in Acaryochloris are speciﬁ-
cally coupled to PSII [6,9]; so it is reasonable to propose that the
membranes associated with PBP structures presented here are
PSII-enriched. This is supported by the observation of PSII-enriched
patches in Acaryochloris using freeze-fracture techniques [9].
Although this study did not investigate the membrane-level orga-
nization of PSII in those PSII-enriched patches, such organization
has been reported in other photosynthetic organisms [33]. Indeed,
rows of PSII dimers associated with CBP proteins have been iso-
lated from Acaryochloris and their structures resolved by single-
particle image analysis [4]; an identical structure is presented in
the model (yellow outline, Fig. 4d). Given that the PBP patches in
Acaryochloris are highly ordered, it is likely that the PSII in Acary-
ochloris forms non-random membrane-level associations of its
photosynthetic apparatus, similar to the model proposed here.
This model predicts a spatial separation of PSII from PSI in
Acaryochloris and indicates that both PSII and its extrinsic light-
harvesting antenna are highly organized at the cellular level. Pre-
sumably, these organizations have functional advantages that are
not considered by the classic ‘photosynthetic unit’ model and re-
quire further study [25]. The model presented here has implica-
tions for the mechanisms of both state transitions and PSIIprotein synthesis and repair in Acaryochloris; although, as yet,
there is little information on either of these processes in this sys-
tem [33–35].
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